Neuronal activities in superficial (II and III) and deep (V and VI) layers of the entorhinal cortex (EC) are preferentially modulated by theta and sharp wave (SPW) EEG, respectively. We investigated the possibility that distinct EEG patterns represent optimal stimulus patterns for induction of long-term potentiation (LTP) in different layers of the EC. We examined effects of three different stimulation patterns on LTP induction in layers I, II-III, and V of medial EC slices of the rat. The stimulation patterns we used were a single, long high-frequency train (1 sec at 100 Hz, repeated 3ϫ), theta burst stimulation [TBS; 10 bursts (four pulses, 100 Hz) at 5 Hz, repeated 3ϫ], and SPW-like burst stimulation [ SPWBS; three bursts (20 pulses, 200 Hz) at 2 Hz, repeated 6ϫ]. Similar degrees of LTP were induced by the three stimulation patterns in layer I. In layers II-III and layer V, however, the largest degrees of LTP were induced by TBS and SPWBS, respectively. These results suggest that burst stimulation constructed to mimic naturally occurring patterns of neuronal activity in the corresponding layer is optimal for LTP induction in layers II-III and layer V of the EC. The differences may play important roles in shaping hippocampal-neocortical interactions in encoding and retrieval of memory.
Knowledge about hippocampal interactions with other cortical sites is crucial for understanding the neural mechanisms by which the brain organizes memories. One of the most important brain structures for the study of hippocampal-neocortical interactions is the entorhinal cortex (EC), which mediates the majority of reciprocal connections between the hippocampus and the neocortex. The EC shows both areal and laminar differentiation in its connection with the hippocampus and neocortex. Anatomical segregation is observed along the mediolateral axis of the EC in its afferent, efferent, and associational projections, suggesting that different rostrocaudal strips of the EC may operate independently in processing neocortex-and hippocampus-originated information (Witter, 1986 (Witter, , 1993 Swanson et al., 1987; Dolorfo and Amaral, 1998) . Regarding laminar differentiation, EC superficial layers (I-III) receive projections from unimodal and polymodal association areas via the perirhinal cortex and then provide the majority of input projections to the hippocampus, whereas hippocampal output projections terminate mostly in EC deep layers (IV-VI), which send extensive projections back to the neocortex (Swanson et al., 1987; Witter, 1993) . Intrinsic associational fibers originating from superficial layers are confined within the same layers, whereas those from deep layers project to deep as well as superficial layers of the EC (Dolorfo and Amaral, 1998) . This organizational scheme suggests that the superficial and deep EC mainly function as input and output structures of the hippocampus, respectively.
Physiological studies also suggest functional segregation between the superficial and deep EC. Theta frequency EEG dominates the hippocampal formation when an animal is actively exploring the surrounding environment, and sharp waves (SPWs) are observed during such behavioral states as awake immobility, consummatory behavior, and slow wave sleep (Buzsaki et al., 1983) . Superficial EC neurons are phase-related to theta oscillation, but surprisingly indifferent to SPW-associated population bursting occurring within deep layers. In contrast, deep EC neurons fire in synchrony with SPWs (Chrobak and Buzsaki, 1994) . Regarding theta modulation of deep EC neurons, they are either indifferent to theta EEG (Chrobak and Buzsaki, 1994) or only putative excitatory neurons, but not all fast-spiking neurons are theta modulated (Frank et al., 2001) . These results indicate differential modulation of superficial and deep EC neurons by theta EEG and SPWs. Moreover, coding properties differ in interesting ways between superficial and deep EC neurons (Frank et al., 2000) , suggesting different roles played by the superficial and deep EC.
These findings suggest that characteristics of long-term synaptic plasticity underlying mnemonic operations of the EC may be distinguished in different layers of the EC. Previous studies have shown that different layers of the EC support long-term potentiation (LTP) (Alonso et al., 1990; Yun et al., 2000a; Cheong et al., 2001) . In these studies theta burst stimulation (TBS), which was patterned after hippocampal theta EEG, was used for LTP induction. Because superficial and deep EC neurons are preferentially modulated by distinct patterns of EEG (theta and SPWs, respectively), there exists a possibility that optimal induction of LTP is achieved by different patterns of stimulation in different layers. In the hippocampus, optimal stimulus patterns for inducing LTP are different across different regions (Yeckel and Berger, 1998) . The primary objective of the present study was to test this possibility in the EC. The results indicate that optimal stimulus patterns for LTP induction are indeed different across different layers of the EC, and that they are related to naturally occurring patterns of neuronal activity.
MATERIALS AND METHODS
Horizontally sectioned 400-m-thick entorhinal cortical slices were prepared from 150 -200 gm male Sprague Dawley rats as previously described (Yun et al., 2000b) . Animals were decapitated after anesthesia with halothane, and the brain was quickly removed and placed in cold artificial C SF (AC SF). The experimental protocol was approved by the Ethics Review Committees for Animal E xperimentation of Ajou University School of Medicine. The AC SF contained (in mM): NaC l 124, KCl 3, KH 2 PO 4 1.2, C aC l 2 3.4, MgSO 4 2.5, NaHC O 3 26, D-glucose 10, and L-ascorbate. Slices were transferred to an interface chamber that was constantly perf used with oxygenated AC SF (95% O 2 and 5% C O 2 ) and maintained at 35 Ϯ 1°C. Slices were allowed to recover for ϳ1 hr, and then monosynaptic field potentials were recorded in layers I, superficial layer III, and V of the medial EC in response to electrical stimulation of layers I, II-III, and V, respectively (Fig. 1) . T wo stimulating electrodes were used in each case. The stimulating electrodes were constructed of twisted strands of stainless steel wires (113 m outer diameter), and the recording electrodes were glass micropipettes filled with 2 M NaC l (1-5 M⍀). Stimulation pulses (0.1 msec) were delivered every 20 sec at currents ranging from 50 to 450 A (layer I: 150 -450 A; layers II-III and V: 50 -150 A) to obtain baseline responses (10 -20 min) that were approximately half-maximal.
LTP was induced by applying long high-frequency train (L HF T), TBS, or SPW-like burst stimulation (SPW BS). L HF T was a long highfrequency stimulus train (1 sec at 100 Hz). Three episodes of L HF T were repeated at 10 sec intervals. TBS consisted of 10 high-frequency bursts (four pulses at 100 Hz) repeated at 5 Hz . Three episodes of TBS were applied at 10 sec intervals. SPW BS consisted of three high-frequency bursts (20 pulses at 200 Hz) repeated at 2 Hz. Six episodes of SPW BS were applied at 5 sec intervals. During tetanic stimulation, stimulus duration was increased to a level that induced maximal field potential responses. Responses were amplified 100ϫ, filtered at bandpass 1 Hz-3 kHz, and digitized by a personal computer at 10 kHz. The program NAC (Eclectek, Irvine, CA) was used for collection and analysis of data. Evoked field potential responses were assessed by measuring the initial slope. The magnitude of LTP was assessed by measuring percentage of increase of averaged responses over baseline at 20 -30 min after tetanic stimulation. A one-way ANOVA followed by post hoc least significant difference (L SD) test was used to compare the magnitudes of LTP induced by the three types of stimulation in the different layers of the EC. A p value Ͻ 0.05 was used as the criterion for a significant statistical difference. Results are expressed as mean Ϯ SEM.
RESULTS

LTP induction in layer I
The amplitude of the evoked field potential was small (maximum amplitude: 1ϳ1.5 mV), and it was difficult to acquire stable baseline responses in layer I. When a stable baseline was obtained, however, LTP was reliably induced by LHFT, TBS, and SPWBS (Figs. 2 A, 3) . The magnitudes of LTP induced by LHFT, TBS, and SPWBS were 20.5 Ϯ 7.7% (n ϭ 10), 24.8 Ϯ 7.2% (n ϭ 10), and 26.9 Ϯ 5.7% (n ϭ 10), respectively (Fig. 3) . The average magnitudes of LTP induced by the three types of stimulation were not significantly different in layer I (one-way ANOVA; p Ͼ 0.05).
LTP induction in layers II-III
The amplitude of the evoked field potential was largest in layers II-III (maximum amplitude, ϳ5 mV). The magnitudes of induced LTP were 13.4 Ϯ 4.1% (n ϭ 11), 33.1 Ϯ 5.4% (n ϭ 10), and 24.3 Ϯ 4.4% (n ϭ 10) by LHFT, TBS, and SPWBS, respectively (Figs. 2 B, 3) . The three stimulation patterns had significantly different effects on the magnitude of LTP (one-way ANOVA; p Ͻ 0.05). A post hoc test (LSD) indicated a significant difference between TBS and LHFT ( p Ͻ 0.01) (Fig. 3) .
LTP induction in layer V
In layer V the maximum amplitude of the field potential was ϳ3 mV. The average magnitudes of LTP induced by LHFT, TBS, and SPWBS were 11.4 Ϯ 5.6% (n ϭ 16), 16.1 Ϯ 5.6% (n ϭ 19), and 33.8 Ϯ 4.9% (n ϭ 16), respectively (Figs. 2C, 3) . The three stimulation patterns had significantly different effect on the magnitude of LTP (one-way ANOVA; p Ͻ 0.05). A post hoc test (LSD) indicated significant differences between LHFT and SPWBS ( p Ͻ 0.01) and between TBS and SPWBS ( p Ͻ 0.05) (Fig. 3) .
DISCUSSION
Input and output projections of the hippocampus are primarily segregated in the EC (see introductory remarks). This organization provides an opportunity for separately investigating input and output pathways of the hippocampus. Previous studies in this laboratory, investigating characteristics of synaptic plasticity in superficial and deep layers of the EC, were unable to find clear differences in characteristics of LTP between layers II-III and V (Yun et al., 2000a,b; Cheong et al., 2001) . In the present study we examined the effectiveness of different stimulus patterns on LTP induction in different layers of the EC. The results showed that TBS and SPWBS, compared with other stimulation patterns, induced larger degrees of LTP in the superficial (II-III) and deep Figure 1 . Placement of stimulating and recording electrodes. Horizontally sectioned medial EC slice preparations were used throughout the study. A recording electrode (F) was placed in layer I, superficial layer III, or layer V of the medial EC in response to electrical stimulation of layers I, II-III, or V, respectively, by two stimulating electrodes (*). EC, Entorhinal cortex; PrS, presubiculum; PaS, parasubiculum; S, subiculum; DG, dentate gyrus. The figure has been adapted from Amaral and Witter (1995) , with permission from the publisher.
(V) layers of the EC, respectively (Figs. 2, 3) . These results suggest that neural circuits in the superficial and deep layers of the EC may have evolved so that optimal induction of LTP is achieved during naturally occurring EEG that strongly modulates neuronal activities in each layer.
Components of synaptic responses
Because dendrites and associational axons of superficial EC neurons are primarily confined within the superficial EC, it is unlikely that the responses recorded in the deep EC involve superficial EC neurons. On the other hand, deep EC neurons extend their dendrites and send substantial associational projections to the superficial EC (Amaral and Witter, 1995; Dolorfo and Amaral, 1998 ). Thus, it is possible that both presynaptic and postsynaptic components of deep EC neurons are involved in the responses recorded in the superficial EC. Laminar profiles of field potential responses suggest, however, that the involvement is not very much. It was difficult to obtain sizable field potential responses (either positive or negative) by stimulating the superficial EC (layer I or II-III) and recording from the deep EC (testing postsynaptic elements of deep EC neurons in the superficial EC; data not shown) (Yun et al., 2000b, their Fig. 1 ). Likewise, it was difficult to obtain sizable negative field potential responses (current sink) by stimulating the deep EC (layer V or VI) and recording from the superficial EC (layer I or superficial layer III; testing presynaptic elements of deep EC neurons in the superficial EC; data not shown). Although results from slice preparations (400 m thickness) should be interpreted cautiously, they nevertheless suggest that presynaptic or postsynaptic elements of deep EC neurons did not contribute much to the responses recorded in the superficial EC in the present study. It would be interesting to find out optimal stimulus patterns for inducing LTP in synapses made by the presynaptic or postsynaptic elements of deep EC neurons in the superficial EC in future studies.
Regarding layer I versus layers II-III responses, they probably share postsynaptic elements, because layer I is relatively devoid of neurons, and layers II-III neurons extend their dendrites to layer I (Amaral and Witter, 1995) . Laminar profiles of field potential responses suggest, however, that primarily different sets of synapses were activated by layer I versus layers II-III stimulation. For example, stimulation of layers II-III evoked positive and negative field potential responses in layer I and superficial layer III, respectively (Yun et al., 2000b, their Fig. 1 ). Anatomical data also indicate large variations in the distribution of afferent and intrinsic associational fibers between layer I and other layers (Swanson et al., 1987; Witter, 1993; Dolorfo and Amaral, 1998) .
Cellular mechanisms underlying variation in effective stimulus patterns
Why are TBS and SPWBS more effective in eliciting LTP in layers II-III and V of the EC, respectively? In the hippocampus, theta (ϳ5 Hz) is the optimal frequency for the induction of LTP . GABA A receptor-mediated fast IPSPs normally exert powerful influences on hippocampal neurons, preventing strong depolarization of postsynaptic neurons in response to a short burst. Priming stimulation temporarily suppresses fast IPSPs so that theta frequency burst stimulation induces maximal depolarization, which in turn leads to maximal activation of NMDA receptor-mediated currents Lynch, 1986, 1988; Mott and Lewis, 1991) . It is possible that such mechanisms operate in layers II-III, but are less prominent in layer V of the EC. Consistent with this possibility, anatomical (Kohler et al., 1985; Wouterlood et al., 1995) and physiological (Jones, 1993; Funahashi and Stewart, 1998) studies have indicated that inhibitory influences are much stronger in the superficial than deep EC. Moreover, during repetitive stimulation, both fast and slow IPSPs of superficial EC neurons are suppressed (Funahashi and Stewart, 1998) . These features (strong IPSPs and their suppression by priming stimulation) in the superficial EC could explain why TBS induced maximal LTP in layers II-III.
When compared with the superficial EC, the influence of IPSPs is less prominent in the deep EC (Jones, 1993; Funahashi and Stewart, 1998) . Under the circumstance of weak inhibitory control, prolonged stimulation (more pulses in a burst) would lead to larger postsynaptic depolarization and hence more activation of NMDA currents. SPWBS and TBS delivered 20 and 4 pulses in a burst, respectively. This may explain why SPWBS was more effective than TBS in inducing LTP. Then a question arises regarding why SPWBS induced larger LTP than LHFT, which is the longest stimulus train (1 sec). Funahashi and Stewart (1998) have shown that IPSPs are not completely suppressed but rapidly reach a plateau level and that repetitive stimulation at 50 Hz results in progressive summation of IPSPs in superficial and deep EC neurons. It is then likely that only the initial part of LHFT is effective in activating postsynaptic neurons. The later part of the LHFT may not induce sufficient postsynaptic depolarization because of summated IPSPs. In such a case, single prolonged stimulation would be less effective than multiple short bursts in inducing LTP. In addition, progressive desensitization of NMDA receptors may have contributed to ineffectiveness of LTP induction by prolonged stimulation. NMDA receptors are known to desensitize with slower time courses than AMPA receptors (Zorumski and Thio, 1992) . Combined, it is possible that multiple short bursts with the sufficient number of pulses (Ͼ4) in each burst (such as SPWBS) are the most effective stimulus pattern in the EC layer V.
Learning mode versus replay mode
Because theta frequency EEG is preferentially observed when an animal is engaged in exploratory behaviors, whereas SPWs are observed during consummatory behaviors and slow-wave sleep, a hypothesis has been proposed that theta rhythm and SPWs represent learning and replay mode of the hippocampal formation, respectively (Buzsaki, 1989) . Combined with anatomical and physiological studies that indicate functional segregation between superficial and deep layers of the EC (see introductory remarks), these findings suggest that incoming sensory information from the neocortex is relayed via the superficial EC to the hippocampus when an animal is learning new information, and the mode of operation during this phase is theta frequency oscillation. On the other hand, in decoding (replay) phase, memories stored in the hippocampus are reactivated and propagated to the neocortex via the deep EC. The operational mode in this phase is SPW oscillation (Buzsaki, 1989 (Buzsaki, , 1996 Chrobak et al., 2000) . In the present study we found that rhythmic stimulation patterned after theta and SPW EEG induced the largest degrees of LTP in the superficial (II-III) and deep (V) layers of the EC, respectively. It is then likely that synaptic weight enhancement occurs preferentially in the superficial EC during the learning mode, whereas the deep EC is the major locus of synaptic weight change during the replay mode.
The present results by no means indicate that synaptic potentiation occurs only in the superficial layers during the theta phase and only in the deep layers during the SPW phase. In the present study, SPWBS induced significant, albeit smaller, LTP in layers II-III, and TBS induced significant LTP in layer V. TBS (at 7 Hz) applied to CA1-subiculum also induced LTP in the deep EC and perirhinal cortex in vivo (Otto and Eichenbaum, 1993; Cousens and Otto, 1998) . These results suggest that LTP can occur in both the superficial and deep EC during both theta (learning mode) and SPW phase (replay mode), but the magnitudes are different. A single-unit recording study in behaving animals has shown interesting coding properties of deep EC neurons during the theta phase, suggesting that EC deep layers transmit information back to the neocortex during the theta phase (Frank et al., 2000) . LTP in the deep layers during the theta phase may function as a mechanism that associates sensory activation patterns in the neocortex and hippocampal memories. This would enable reactivation of original sensory activation patterns in the neocortex based on hippocampus-initiated neuronal activities. It may therefore function as a means to link multiple sensory activation patterns in different regions of the neocortex (Teyler and DiScenna, 1986 ). Currently the extent to which LTP is induced in layer V during the theta phase in vivo is unknown as are the properties of information transmission and induction of LTP in superficial layers during the SPW phase in vivo. These are crucial information in formulating hippocampal-neocortical interactions in encoding and retrieval of memories. Future studies in behaving animals are required to obtain such information.
LTP in layer I
It is not clear why the three different stimulus patterns, unlike in the other layers, induced similar degrees of LTP in layer I. That effect may be attributable to dependence of LTP induction on voltage-dependent calcium channels (VDCCs) in layer I. Whereas LTP in layers II-III and V was dependent only on activation of NMDA receptors, LTP in layer I was completely blocked only after blocking both NMDA receptors and VDCCs (data not shown). Although the three different stimulus patterns induced different amounts of depolarization and calcium influx through NMDA receptors, additional depolarization and calcium influx through VDCCs may have made overall calcium influx similar across the three stimulus patterns. In other words, the nonlinearity offered by VDCCs may have hidden differences in effectiveness of the three stimulus patterns in inducing calcium influx. Similarly, nonlinear amplification of backpropagating ac-
